There is an increasing awareness of the influence of PM on environmental systems and human health. PM contains a few inorganic compounds and a very complex mixture of organic compounds.
Introduction
There is an increasing awareness of the influence of PM on environmental systems and human health. PM contains a few inorganic compounds and a very complex mixture of organic compounds. 1 Until recently inorganic constituents such as sulfate, nitrate, ammonium, and sea salt were the focus of attention, therefore our knowledge on these species is relatively well established. [2] [3] [4] However, the organic PM concentrations, composition, and formation mechanisms are not well understood. This is partly because no single analytical technique is currently capable of analyzing the entire range of organic compounds present. The limited results available to date indicate that water-soluble organic compounds (WSOC) could account for 20 -90% of the total carbon in PM depending on their sources and sampling locations. [5] [6] [7] In order to obtain information on the chemical composition of WSOC, these compounds should be isolated from airborne particles (aerosol). Isolation involves the separation of the organic matter from inorganic ions, which are present in the aqueous extract of the aerosol sample. The accurate quantification of isolated WSOC is important for studies in atmospheric chemistry and climate change.
For purpose of isolation of WSOC from atmospheric aerosol samples, a two-step solid phase extraction using different ion exchange resins was recently developed and reported in the literature. 8, 9 The difference in the resin properties resulted in fractionations of WSOC into major classes with different degrees of hydrophilicity. The isolated water soluble organic matter was characterized by advanced analytical techniques such as proton nuclear magnetic resonance (HNMR) spectroscopy and Fourier-transformed infrared (FTIR) spectroscopy. 10, 11 An HNMR study showed the presence of ketocarboxylic acids, ketodicarboxylic acids, dicarboxylic acids, sugars, and polyethers in urban atmospheric fine particles. 12 The use of fluorescence spectroscopy has also been demonstrated for the characterization and classification of dissolved organic matter. 13 Ion chromatographic methods were employed for the analysis of low molecular weight mono-and dicarboxylic acids, which play an important role in the optical and hygroscopic properties of tropospheric aerosols. 14 These studies together revealed that the characterization of WSOC is necessary for quantifying the relative contribution of individual water soluble organic compounds to the total WSOC mass.
There has been increasing demand for new pretreatment methods for the extraction of WSOC from airborne PM with high efficiency and shortened extraction times since numerous air particulate samples are collected and analyzed from a network of air quality monitoring stations in many countries. Recently, we evaluated the microwave-assisted extraction (MAE) technique for water soluble inorganic ions in urban PM. 15 The extraction method is simple, rapid, and reliable. In the present work, we tested the applicability of MAE for the characterization of WSOC in atmospheric aerosols, and compared the data with that of conventional ultrasonic extraction. The extract was subsequently characterized in terms of the total organic carbon (WSOC) and low molecular weight carboxylic acids. Further, the developed pretreatment method was applied to real aerosol samples, collected from different sources in Singapore.
Experimental

Reagents and standards
For the preparation of reagents and standards, ultrapure water (18.2 MΩ) from Maxima Ultra Pure Water system (ELGALABWATER, UK) was used. Analytical grade reagents of sodium acetate, sodium formate, sodium methylsulfonate, sodium pyruvate, sodium malonate, sodium oxalate were procured from Merck, Germany. Stock solutions (1000 mg l -1 ) of formate, acetate, methylsulfonate, pyruvate, malonate and oxalate were prepared from their corresponding salts using appropriate weights. Working standards were prepared fresh on a daily basis after dilution.
SRM 1648 (urban particulate matter) and SRM 1649A (urban dust) obtained from the National Institute of Science and Technology were used for the analysis of organic acids. However, there are no certified/reference values available for these materials.
Sampling of ambient aerosols
Using a high volume aerosol sampler (Model: HVP-3800AFC, Hi-Q Environmental Products Co., USA), aerosol samples were collected onto a quartz microfiber filter for 2 consecutive days at the rooftop of the tallest building at the Faculty of Engineering, NUS. These filter samples were mainly used for comparison of the microwave extraction method with the conventional ultrasonic extraction in terms of the removal of WSOC from airborne PM.
PM2.5 particles (particulate matter with an aerodynamic diameter of less than 2.5 µm) in the ambient atmosphere of Singapore were collected onto Teflon filters using MiniVol portable samplers (Air Metrics, USA) for 24 h at 5 LPM during Dec. 2004. These airborne particles were collected at two different sites in Singapore viz., a major bus interchange and a residential area (Edge field).
Biomass burning aerosols collected during the 1997 Smoke Haze in Southeast Asia were also used for the analysis of WSOC; the regional air quality in Southeast Asia was adversely affected for several consecutive months during 1997 -1998 by uncontrolled forest fires in Indonesia. 16, 17 For the analysis WSOC, one half of the filter was extracted with water using the MAE system as described below following the addition of 0.1 ml of isopropanol along with water since Teflon filters are not hygroscopic.
Spiked standards
The standard samples were prepared by spiking a 200 µl aqueous solution of a 100 mg l -1 mixture of seven organic acids (acetate, formate, methylsulfonate, pyruvate, succinate, malonate and oxalate) on pre-baked filter strips (2 × 2 cm) followed by 30 min of air drying.
Microwave-assisted extraction
A closed vessel microwave digestion system (MLS-1200 mega, Mileston s.r.l, Italy) was used. A detailed description of the system is provided in our previous report. 15 In this study, a portion of the filter was processed in Teflon vessels with 15 ml of deionized water (18.2 MΩ). Extractions were performed at different microwave energy (50 -300 W) for different periods of time (5 -30 min) as part of the method development. After extraction, the vessels were allowed to cool to room temperature before opening. The extracts were then carefully filtered through a PTFE auto vial membrane filter (0.45 µm) and refrigerated at 4˚C until analysis. A set of filters were extracted by ultrasonic agitation in 15 ml deionized water for a period of 60 min and processed with the same protocol as mentioned above for the sake of consistency.
Chemical analysis of the extracts
The extracts were initially analyzed for water soluble organic carbon (WSOC) using a TOC Analyzer (Model 5000A, Shimadzu, Japan). Purified air (O2: 20 ± 1%) was used as a carrier gas, which transported the combustion products from the tube to a sample cell in an NDIR gas analyzer for the detection of CO2.
The organic acids in water extracts were analyzed using ion chromatography (IC). A Dionex IC system (Dionex Model DX-120, Reagent Free Controller, USA) was used. This system consisted of an eluent generator (EG 40 with CR-ATC), gradient pump (GP 40), conductivity detector (CD 50) and a Rheodyne six port injection valve with a 25 µl loop. An AS 11-HC (4 mm) analytical column with an AG11-HC (4 mm) guard column was used for the separation of organic acids. The Ionpac AS11-HC is a high capacity, hydroxide selective anion exchange column. A programmed gradient elution of potassium hydroxide with concentration ranging from 2 mM to 30 mM was employed (0 -13 min, 2 mM KOH; 13 -40 min, 2 mM to 40 mM KOH; linear gradient). Chromatographic peaks were identified according to the retention time of the individual standards.
A four point calibration experiment was carried out over the concentration range of 0.5 -4 mg l -1 for which the r 2 values were better than 0.999 for all seven compounds. The precision of the proposed IC method was tested by six repeated injections of the standard mixture of all analytes (1 mg l -1 ). The coefficient of variation (C.V.) was calculated to be less than 5%. The organic acid concentrations of the real aerosol samples were quantified using the peak areas on the basis of standard calibration curves. The detection limits, calculated based on 3σ of utrapure water blank (n = 6) conductivity at respective retention times were in the range of 20 µg l -1 (oxalate) to 70 µg l -1 (malonate)
Results and Discussion
Optimization of MAE
Water has been reported to be an efficient solvent for microwave assisted extraction since it absorbs microwave energy effectively. 20 The other parameters such as microwave energy and extraction time were optimized for better extraction efficiency. In the present study, pre-baked filter strips spiked with seven organic acids were used for optimization of the MAE parameters. Experiments were carried out by varying the microwave energy in the range of 50 -300 W and the extraction time in the range of 5 -30 min, respectively. After correcting for the blank contribution, the recoveries were calculated ( Table  1) . As can be seen from the table, satisfactory recoveries (85 -105%) were obtained even with a lower microwave energy (50 -100 W: ~50˚C). At a higher microwave energy, the recovery started decreasing, particularly for pyruvate which presumably was due to overheating. Regarding the extraction time, the recoveries did not show a significant variation from 5 to 30 min. Even with a shorter extraction time (5 min) satisfactory recoveries were obtained for all seven organic acids. Based on these optimization results, it was decided to employ 100 W microwave energy for 5 min duration for extraction of WSOC from ambient aerosol samples. These experimental parameters are similar to those obtained in our previous work on the extraction of water soluble ions in urban particulate matter. 15 
Comparison of MAE and USE
Since there are no reference standards available for organic acids in airborne particulate matter, we carried out an intercomparison of results obtained from the MAE method with those from the conventional ultrasonic extraction. For this 1506 ANALYTICAL SCIENCES DECEMBER 2005, VOL. 21 purpose, airborne particulate samples collected at the NUS sampling site, using the high-volume sampler, were used. The air particulate samples were extracted with the optimized MAE method as well as with the ultrasonic extraction method in parallel. Both of these extracts were analyzed for TOC (WSOC) and organic acids. The results are presented in Table 2 for a comparison. The concentrations of WSOC and few organic acids were quite comparable between these two extraction techniques within the experimental errors. The difference in the two concentrations was not significant as revealed by the student t-test at 95% confidence level (α = 0.05). The results obtained from the inter-comparison of the two extraction methods demonstrate the potential application of the MAE method for the determination of WSOC. The extraction is rapid (5 min) compared to conventional ultrasonic extraction, which usually requires 30 to 90 min. 13, 14 In addition to using the field samples, an attempt was made to analyze NIST SRMs (1648 & 1649A) using MAE as well as USE. The results are shown in Table 3 . Both materials showed only the presence of methane sulfonate, succinate and oxalate. There are no data currently available in the literature for organic acids extracted for these reference materials, to the best of our knowledge. As can be seen from the table, the values obtained from both MAE and USE are in good agreement, and oxalate is the predominant species in both materials.
Analysis of WSOC and organic acids in aerosol samples of different characteristics
A number of aerosol samples collected in Singapore from different sources were analyzed for WSOC and organic acids using the rapid microwave extraction developed in this study.
The analytical results are presented in Table 4 . It can be seen that mono-and dicarboxylic acids together account for 10 -15% of WSOC in all samples. This observation is consistent with results reported in the literature. 6 Among the organic acids analyzed in this work, oxalic acid was found to be the dominant species in all samples, which is consistent with the data obtained from the NIST SRMs. Oxalate is particularly enriched in biomass burning aerosols. A similar observation was made in rainwater samples, influenced by biomass burning, collected at the same sampling site in Singapore. 16 A more comprehensive characterization is necessary to identify and quantify other classes of WSOC in aerosol extracts. Recent reports in the literature have indicated that other major fractions of WSOC include polycarboxylic acids, amino acids, and aliphatic amines. 18, 19 Further, it is understood that a significant fraction of black carbon (BC) material (on average ca. 50%) is reported to be soluble in water. 18 A large number of particulate samples from a network of sampling sites would be needed for a more meaningful air quality study. 
